Under physiological non-hypoxic conditions angiogenesis can be driven by mechanical forces. However, due to the limitations of the specific gene expression analysis of microvessels from in vivo experiments, the mechanisms regulating the coordinated expression of angiogenic factors implicated in the process remain intangible. In this study, the technique of laser capture microdissection (LCM) was adapted for the study of angiogenesis in skeletal muscles. Using a combination of LCM and real-time quantitative PCR it was demonstrated that capillary endothelial cells produce matrix metalloproteinase-2 (MMP-2) and that mechanical stretch of capillaries within muscle tissue markedly increased MMP-2 mRNA (2.5 fold increase vs. control; P<0.05). In addition, we showed that transcription factor HIF-1α expression was 13.5-fold higher in capillaries subjected to stretch compared to controls (P<0.05). These findings demonstrate the feasibility of this approach to study angiogenic gene regulation and provide novel evidence of HIF-1α induction in stretched capillary endothelial cells.
Introduction
Angiogenesis, the process of neovascularization from preexisting capillaries, is under extensive investigation as a critical component of many pathological and physiological conditions. Until recently, expression of angiogenic genes has been analyzed on total RNA isolated from either cultured endothelial cells or from whole-tissue homogenates. Cultured endothelial cells are used commonly in the study of angiogenesis, but might not accurately reflect the biological characteristics of the cells from which they are derived and moreover, they lack the influence of physiological environment. In the second case, when total RNA is isolated from whole tissue, the desired measurement can be obscured by signals from cells that are not directly involved in angiogenesis. For example, capillaries comprise only 5% of the skeletal muscle, and thus, analysis of genes that are not endothelial cell -specific will be weighted heavily by the expression of those genes in the more abundant myocytes. Thus, the study of molecular events occurring during angiogenesis in vivo has been extremely limited by the capacity to selectively collect and analyze endothelial cells independently from surrounding, heterogeneous tissues. The development of a laser capture microdissection (LCM) technique opened the possibility for explicit analysis of gene expression within cells of interest isolated from experimental tissue (5) . Despite this potential, to date the microdissection method has not been adapted and optimized to assay alterations in endothelial cell genes during angiogenesis in skeletal muscle.
Several laboratories including our own have demonstrated that increased muscle activity can trigger angiogenesis mainly as a result of mechanical forces produced during muscle contractions (3; 8) . There are few studies that addressed the relation between mechanical stress and the expression of angiogenesis-related transcription factors and none that have examined changes in the expression of transcription factors within capillaries undergoing angiogenesis in skeletal muscle.
Muscle overload is an established model for stimulating stretch-induced angiogenesis in the absence of an exercise stimulus. The increase in capillary supply in overloaded muscle is associated with up-regulation of VEGF protein level both in whole muscle extract and within capillaries as detectable by western blotting and immunohistochemistry, respectively (15) . Transcription of the VEGF gene is driven by hypoxia-inducible factor 1 (HIF-1) (6; 11).
HIF-1 is an αβ-heterodimer (18) . Intracellular level of the HIF-1α subunit is tightly regulated by oxygen tension, whereas HIF-1β subunit is expressed constitutively in the nucleus. In oxygenated cells, HIF-1α is subjected to ubiquitination and rapid proteasomal degradation, while in hypoxic conditions the proteolytic pathway is inhibited, resulting in accumulation of the HIF-1α protein and the activation of genes important for adaptation and survival under hypoxia including VEGF (16) . However, there is growing evidence that the upregulation of HIF-1α is not limited to hypoxic stress, but can be induced by growth factors, cytokines, hormones and nitric oxide (14) . These stimuli often increase levels of HIF-1α gene transcription or mRNA translation, in contrast to the hypoxia-dependent inhibition of HIF-1α protein degradation (14) . Enhanced accumulation of HIF-1α protein was observed in cardiac myoctes from nonischemic mechanically stretched myocardium and this increase in HIF-1α induced an increase in VEGF protein level (9) . Endothelial cells also produce VEGF protein in response to mechanical stress (12) , but to our knowledge, there are no data on the effect of mechanical stretch on the endothelial cell expression of HIF-1α. Therefore, we hypothesized that HIF-1α mRNA would be increased in endothelial cells isolated from rat overloaded/stretched skeletal muscles.
Stretch-induced muscle overload also increases significantly the production and activation of matrix metalloproteinase-2 (MMP-2), a member of the major protease family responsible for degrading components of basement membrane and interstitial matrix (15) .
Immunohistochemistry demonstrated MMP-2 protein localization to capillaries. Although we cannot exclude that non-endothelial cells contribute to MMP-2 production in response to this mechanical stimulus, we utilized analysis of MMP-2 mRNA in LCM samples as a positive control in testing the utilization of this technique to examine mRNA profiles of genes critical to the angiogenesis process in vivo.
To determine the individual effect of mechanical stretch on capillary gene expression, we used a previously described animal model in which an ankle flexor muscle was stretched and overloaded due to surgical removal of the synergistic muscle. As the LCM technique has not been implemented for analysis of angiogenesis in skeletal muscle we adapted and optimized the technique for this particular purpose. We first established the specificity and accuracy of the LCM approach by evaluating MMP-2 mRNA levels in a small number of capillaries harvested from stretched and non-stretched skeletal muscles. Then, we utilized this experimental approach to provide novel evidence of capillary-specific HIF-1α expression in skeletal muscle, implicating this transcription factor in mechanical force-induced angiogenesis.
Methods:

Animal procedure and tissue preparation
Experiments were carried out on male Sprague-Dawley rats (Charles River), 300-320 gm body weight on the day of tissue harvesting. All surgical procedures were performed under aseptic conditions and fluothane anesthesia (2% in 100%O 2 ) , in accordance with Animal Care Procedures at York University and the APS Guiding Principles in the Care and Use of Animals. Extensor digitorum longus (EDL) muscle was subjected to sustained stretch by overload following unilateral extirpation of the agonist muscle tibialis anterior (TA). An incision was made in the leg skin from the knee joint to the foot superficial to the TA muscle.
The TA tendon was released from connective tissue, gently lifted up and sectioned at its distal end leaving EDL muscle untouched. Any bleeding near the knee joint was stopped by pressing a fresh wound with a sterile cotton bud for several minutes. 
Laser capture microdissection
Cryosections (8µm-thick) were freshly cut, placed on uncoated glass slides and immediately immersed in cold acetone for 3 minutes followed by transfer to a -80 o C freezer, where they were stored for a maximum of one week. To prevent RNA degradation during histological staining, RNAase inhibitor was added to all sterile phosphate buffered saline 
RNA isolation and cDNA production
Total RNA was extracted from the cell lysate using the PicoPure RNA isolation kit (Arcturus Engineering, Inc.) according to the manufacture's protocol. Briefly, the RNA purification column was pre-conditioned with a conditioning buffer (250μL for 5 min). Then, 50 μl of 70% ethanol were added to an equal volume of extraction buffer followed by two washings and RNA elution in 10 μL of elution buffer (PicoPure RNA Isolation Kit, Arcturus 
Quantitative Real-Time PCR (qRT-PCR)
Measurements of cDNA levels were performed by real-time polymerase chain reaction (qRT-PCR) using an ABI PRISM 7000 Sequence DetectionSystem. The cDNA was 
Results
Adapting the LCM technique
A summary of the capture and analysis protocol is presented in Figure 1 . Staining and dehydration procedures did not affect the morphology of the tissue as shown in Figure 2 .
Capillaries stained with the Alexa Fluor-conjugated isolectin are easily distinguished from surrounding non-stained muscle fibers (Figure 2A ). White circles around some of the capillaries highlight the 7.5-µm spots where the laser beam melted the cap membrane into the tissue, which it directly contacts ( Figure 2B ). Figure 2C shows the section after lifting the LCM cap with the captured capillaries. White arrows indicate spaces where the captured capillaries were localized. The efficiency of LCM was checked always by careful analysis of the LCM cap covered with the collected capillaries ( Figure 2D ). In order to obtain a sufficient amount of RNA for analysis of two genes with appropriate replicates at least 500 capillaries were accumulated on one LCM cap.
Validation experiment
Relative quantification of real time PCR can be performed using either the standard curve method or the comparative C T method. To obtain absolute quantification using the first method a standard curve needs to be prepared using a range of template concentrations that were assessed by independent means. For example, making A 260 measurement allows conversion of the C T value to the number of copies based on the molecular weight of the DNA. However, the small number of cells collected from tissue section by LCM is a limiting factor that does not allow employment of this approach for quantification. The second method, based on an arithmetic formula for relative quantification, is particularly attractive when it is not practical to measure the amount of input RNA by other methods. The comparative Ct method (ΔC T ) can replace the standard curve method as long as a validation experiment is performed to ensure that amplification efficiencies of the target gene and internal reference are approximately equal i.e. ΔC T (C T target -C T internal reference) is invariable over a range of serial template dilutions. Therefore, the efficiencies of the target genes and the reference (control rRNA) amplifications were carried out at 5 different dilutions of total cDNA. Then, a plot of log input amount versus ΔC T was prepared. If the efficiencies of the two amplicons are almost equal, the plot of log input amount versus ΔC T has a slope of approximately zero. The validation experiments confirmed that the Δ C T between MMP-2 and rRNA ( Figure 3A ) and HIF-1α and rRNA ( Figure 3B ) remained constant independent of cDNA concentration since in both cases the absolute value of the slope of log input amount vs. Δ C T was <0.1 (0.004 and 0.0019, respectively). These slopes are consistent with equal efficiencies of amplification regardless of template concentration, thus demonstrating that the ΔΔ C T calculation method was valid to use in our system. particularly if a large number of tissue samples need to be analyzed, is an inconvenience of using the LCM technique. However, this is balanced by the capacity of the LCM technique to retrieve a specific population of endothelial cells from in vivo experimental models for molecular analyses.
Effect of mechanical stretch on MMP-2 and HIF-1α expression and capillary supply
MMP-2 expression in stretched capillaries
To prove that this technique can distinguish differential gene expression during the process of angiogenesis we first compared MMP-2 expression in stretched and control unstretched muscle tissue. The capillary network is physically tethered to the myocytes by extracellular matrix and thus it experiences tensile forces and longitudinal stretch during repetitive shortening and relaxation of the muscle fibers (4). Although it has not been demonstrated that stretch may directly stimulate capillary endothelium to produce MMP-2, it is known that MMP-2 mRNA and protein levels are increased in 7 days stretched EDL and immunostaining localized it to capillaries (15) . Furthermore, cultured skeletal muscle endothelial cells increased production of MMP-2 mRNA in response to stretch (19) . Thus, it appeared likely to see an elevated expression of MMP-2 in capillaries of the stretched muscles. In this study, due to the employment of LCM we were able to show that capillaries isolated from skeletal muscle produced MMP-2. Moreover, it was observed that mechanical stretch led to the significant increase in MMP-2 expression in capillaries.
HIF-1α gene activation by mechanical stretch
Using the LCM technique we found that HIF-1α mRNA level drastically increased in non-hypoxic endothelial cells subjected to enhanced mechanical stretch. Our data are in agreement with previous reports on mechanical stress-mediated induction of HIF-1α in nonendothelial cells, such as cardiac myocytes, in the non-ischemic myocardium (9) and mechanically overloaded bovine cartilage disks (13) . To our knowledge, this phenomenon has not been observed in endothelial cells. Owing to the LCM technique we were able to address a previously unanswerable question e.g. if endothelial cells forming capillaries within muscle tissue can produce HIF-1α in response to stretch. Future work will determine the signaling pathways responsible for increasing HIF-1α mRNA levels, and to assess whether HIF-1α mRNA translation also is affected by stretch, as was observed in myocardial cells (9) .
The induction of VEGF in stretched myocardium is mediated by SAC/PI3K/Akt/FRAP/HIF-1α pathways (9) . Stretch induced VEGF production was demonstrated in myocardial, mesangial and smooth muscle cells (7; 10; 17) . Likewise, the overload of the EDL muscle for 7 days led to the increased VEGF protein production, as detected by both Western blotting and immunostaining, concurrently with enhanced endothelial cell proliferation (15) . Based on our earlier results we hypothesized that the observed peak in VEGF protein production coincided with activation of HIF-1α gene, therefore we chose the 7 day time point to analyze stretch-induced HIF-1α expression. In the current study we showed that capillaries produced HIF-1α in response to mechanical stretch, and the timing of this increase was consistent with the previously documented increase in VEGF production (15) . 7 days of stretch did not increase the number of new capillaries based on capillary-per-muscle fiber ratios. However, this is consistent with our previous report showing a slow onset of capillary growth in overloaded muscle that was apparent after 14 days and that was preceded by the increased endothelial cell proliferation and VEGF expression (2; 15). Overall, our results together with already published reports imply that HIF-1α plays important roles not only in the adaptation to ischemia but also to mechanical stress, and that the mechanically-stretched endothelial cells may be the source of this transcription factor. 
